b-Galactosidases are biotechnologically interesting enzymes that catalyze the hydrolysis or transgalactosylation of b-galactosides. Among them, the Aspergillus niger b-galactosidase (AnbGal) belongs to the glycoside hydrolase family 35 (GH35) and is widely used in the industry due to its high hydrolytic activity which is used to degrade lactose. We present here its threedimensional structure in complex with different oligosaccharides, to illustrate the structural determinants of the broad specificity of the enzyme against different glycoside linkages. Remarkably, the residues Phe264, Tyr304, and Trp806 make a dynamic hydrophobic platform that accommodates the sugar at subsite +1 suggesting a main role on the recognition of structurally different substrates. Moreover, complexes with the trisaccharides show two potential subsites +2 depending on the substrate type. This feature and the peculiar shape of its wide cavity suggest that AnbGal might accommodate branched substrates from the complex net of polysaccharides composing the plant material in its natural environment. Relevant residues were selected and mutagenesis analyses were performed to evaluate their role in the catalytic performance and the hydrolase/transferase ratio of AnbGal. Thus, we generated mutants with improved transgalactosylation activity. In particular, the variant Y304F/Y355H/N357G/W806F displays a higher level of galactooligosaccharides production than the Aspergillus oryzae b-galactosidase, which is the preferred enzyme in the industry owing to its high transferase activity. Our results provide new knowledge on the determinants modulating specificity and the catalytic performance of fungal GH35 b-galactosidases. In turn, this fundamental background gives novel tools for the future improvement of these enzymes, which represent an interesting target for rational design.
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Introduction b-D-galactosidases are enzymes widely used in the food industry, mainly in the dairy sector. They catalyze the hydrolysis of terminal nonreducing b-D-galactose residues in b-D-galactosides by breaking galactosyl bonds. This hydrolytic activity has been used to degrade lactose of dairy products like milk or cheese whey into its two components, glucose and galactose [1] . This makes possible the production of lactose-free products, a growing market because of the high percentage of lactose malabsorbers, which represents most of the population in regions like Asia or Africa [2, 3] .
In addition to its hydrolytic activity, b-galactosidases can perform transglycosylation depending on the conditions [1] . Thus, when a high concentration of a substrate like lactose is present in the medium, these enzymes may transfer a galactose unit to the substrate generating a longer product. Therefore, transgalactosylation produces oligosaccharides with a higher degree of polymerization, called galacto-oligosaccharides or GOS [4] . GOS are prebiotics, indigestible components that promote growing of beneficial microflora within the gut. Their similarities with the human milk oligosaccharides have recently attracted a great attention. Some studies support that they promote health benefits and they are used in several applications such as infant nutrition, growing up milk, dairy products, beverages, clinical nutrition, bakery, and pet food [5] .
Although bacteria could offer more versatility, the corroborated GRAS (Generally Recognized As Safe) status of yeasts like Kluyveromyces lactis and Kluyveromyces marxianus, and fungi like Aspergillus niger and Aspergillus oryzae, still place them among the favorite sources of enzymes for food and pharmaceutical industry [6] . In particular, b-D-galactosidase from A. niger (AnbGal) is used for the hydrolysis of acid whey, which derives from the production of fresh or soft cheeses [7] . Although it was demonstrated that AnbGal has some transgalactosylation activity [8, 9] , its high hydrolytic ability makes it not suitable for GOS synthesis applications.
AnbGal belongs to glycoside hydrolases family 35 (GH35). Several eukaryotic b-galactosidases of this family have been structurally characterized. The enzymes from Penicillium sp.
[10], Trichoderma reesei [11] , Homo sapiens [12] , A. oryzae [13] , and Solanum lycopersicum (PDB ID 3W5F, not published) have been previously reported. AnbGal presents more than 70% sequence identity with the b-galactosidases from Penicillium sp. and A. oryzae. However, and in contrast to AnbGal, it was described that these two last enzymes have high transgalactosylation activity [14] [15] [16] . In fact, a comparison between b-galactosidases from A. oryzae and A. niger, showed clearly differences in the relative levels of hydrolysis and transferase activities [17] , in spite of their high sequence similarities.
Among the fungal GH35 b-galactosidases reported structures, none of them shows the binding mode of natural substrates at the active site. Those complexes with a galactose molecule represent the product that would remain bound at the catalytic pocket after hydrolysis of a b-galactoside. The knowledge of the binding mode of longer molecules with two or three sugar units could give us insights into the factors and structural elements that define the catalytic activity of the enzyme.
In this study, we report the structure of AnbGal and also its inactivated E298Q mutant in complex with the oligosaccharides allolactose, 3-galactosyl-glucose, 6-galactosyl-galactose, 4-galactosyl-lactose, and 6-galactosyl-lactose, which are potential substrates [18] or products [19] of the enzyme. Mapping of the catalytic pocket of the complexes and comparison between AnbGal and other fungal GH35 b-galactosidase structures allowed us to uncover possible key residues involved in hydrolysis and transfer activity, which was verified by the generation of mutant variants and their subsequent study. The results obtained give us valuable information about the mechanisms that define the catalytic activity of fungal GH35 b-galactosidases. Moreover, we enhanced some of the catalytic features of AnbGal, which could be extended to other GH35 b-galactosidases in order to achieve mutant variants more suitable for their use in industrial applications.
Results

AnbGal overall structure
As previously reported [20] , we purified and crystallized the b-galactosidase from A. niger (AnbGal). We present here its three-dimensional structure solved by molecular replacement at 1.71
A resolution. Experimental and structure determination details are given in the Experimental Procedures section and in Table 1 . The final model contains the mature protein without the residues of the signal peptide. The model consists of 967 residues with a molecular mass of 106 kDa as calculated from its primary structure. The chain extends from residue 41 to residue 1008, the last five histidines corresponding to the C-terminal affinity tag being not visible in the electron density map.
The glycosylation chains attached to the protein were mostly cleaved by Endo H treatment applied prior to the crystallization step, which typically leaves primary N-acetylglucosamine (GlcNAc) units. However, several glycan chains of AnbGal were only partially cleaved, probably due to their poor access to the hydrolytic enzyme. From the electron density maps, GlcNAc units were modeled at positions Asn156, Asn373, Asn402, Asn478, Asn522, Asn622, Asn739, Asn760, Asn777, and Asn914, with glycosylation at sites Asn156, Asn478, Asn522, and Asn739 being not observed in other GH35 b-galactosidases. In agreement to that reported before for fungal GH35 b-galactosidases, extended glycan chains are attached to residues Asn373, Asn622, and Asn914 after the Endo H digestion. 
, where I i (hkl) is the ith measurement of reflection hkl and [I(hkl)] is the weighted mean of all measurements.
where N is the redundancy for the hkl reflection.
c R work /R free = ∑ hkl |Fo À Fc|/∑ hkl |Fo|, where Fc is the calculated and Fo is the observed structure-factor amplitude of reflection hkl for the working/free (5%) set, respectively.
The three-dimensional structures of three other GH35 b-galactosidases from fungus have been previously reported, those from Penicillium sp. (PsbGal;
[10], PDB code 1TG7), T. reesei (TrbGal; [11] , PDB code 3OG2), and A. oryzae (AobGal; [13] , PDB code 4IUG). AnbGal shares highest identity with respect to AobGal (75%) and PsbGal (73%) sequences, whereas 58% is found with respect to TrbGal sequence. Consequently, the AnbGal overall folding closely resembles that previously described for the other fungal enzymes, with a root-mean-square (RMS) deviations of only 0.7
A after structural superimposition of the AnbGal coordinates onto the AobGal and PsbGal structures (for 957 and 971 matched Ca atoms, respectively). The superimposition onto TrbGal structure gives a RMS deviation of 1.1 A (on 986 matched Ca atoms).
As other fungal GH35 b-galactosidases, AnbGal is monomeric and folds into six domains (Fig. 1A ). It can be described as a central catalytic domain surrounded by five antiparallel b-sandwich domains, arranged as a horseshoe or a letter C shape. The first domain is the catalytic and comprises residues Leu41 to Thr397, with a distorted (a/b) 8 barrel topology in which the fifth helix is absent. This domain contains eight loops linking the b-a motifs (loops L1-L8), from which loops L3-L8 are exposed to solvent and configure the catalytic pocket that is located in the axis of the barrel (Fig. 1B,C ). There are two disulfide bridges in this domain. The first one stabilizes loop b4-a4 (L4, residues Glu198-Asp212), and involves residues Cys205 and Cys206. Another disulfide bridge between Cys266 and Cys315 stabilizes loop b6-a6 (L6, residues Tyr260-Asn280) and is conserved in the three fungal enzymes. Moreover, there is a cis-peptide bond at Tyr342-Met343, located at the end of strand b7, which is conserved among the reported GH35 b-galactosidases.
The second (Ala398-Val479), third (Ser480-Pro576), and fourth (Gln577-Pro665) domains have an antiparallel b-sandwich structure that contains eight, nine, and eight strands, respectively. These three domains, unique to the fungal b-galactosidases, are absent in bacterial and human GH35 b-galactosidases [12] . The fifth domain includes two different regions of the amino acid chain, Asp666-Leu683 and Tyr859-Tyr1006, and contains 10 strands in an antiparallel bsandwich arrangement. Finally, the sixth domain, Pro684-Leu858, is inserted between both regions of the fifth domain, and also has an antiparallel b-sandwich structure that contains eight strands. A long loop between strands sixth and seventh of this domain (residues 798-819, LP in Fig. 1C ) protrudes into the active site of the catalytic domain playing an important role in the enzymatic activity by making some of molecular contacts with the substrates, as will be explained below.
A last interesting feature is loop L4 from the catalytic domain, which was not visible in the reported AobGal model [13] . This loop is well ordered in the AnbGal crystals, where it is interacting with loop LP described above (Asp798-Leu812). Interestingly, the AnbGal loop L4 has a double substitution in residues Thr202 and Ser203, which are Ser and Gly in the other fungal bgalactosidases. Ser203 side chain makes an extra hydrogen bond with Thr807, reinforcing the interaction between both loops. Moreover, as we said above, this loop L4 has a disulfide bridge between Cys205 and Cys206, which was described in PsbGal [10] but is not present in TrbGal [11] . This disulfide bridge could have a stabilization role in the loop structure.
Structure of the AnbGal complexes
As said before, previous works have reported some complexes from other GH35 b-galactosidases with the product galactose, and also with nonhydrolysable sugar analogs, like isopropyl thio-b-D-galactoside (IPTG), PETG, or iminosugars-like 1-deoxygalactonojirimycin [11] . However, a complex with oligosaccharides that may be natural substrates or products of GH35 bgalactosidases has not been described until now. Thus, in order to elucidate the different mechanisms and interactions involved in substrate recognition (hydrolysis) or in acceptor affinity (transgalactosylation), we solved the crystal structure of AnbGal in complex with different GOS, which may act as substrates or products depending on the catalytic reaction (hydrolysis or transgalactosylation) performed by the enzyme. These compounds are di-or trisaccharides, uncovering different glycoside bond-types between sugar units, including b(1-3), b(1-4), and/or b(1-6) linkages.
An inactivated E298Q mutant was generated to avoid the hydrolysis of the ligands, and crystallization trials were performed with the purified AnbGal-E298Q variant. Then, crystals were soaked into 6-galactosylglucose (allolactose, 6GalGlu), 6-galactosyl-galactose (galactobiose, 6GalGal), 3-galactosyl-glucose (3GalGlu), 4-galactosyl-lactose (4GalLac), and 6-galactosyl-lactose (6GalLac). The complexes with the disaccharides 6GalGlu, 6GalGal, and 3GalGlu showed clear electron density in the active site defining their position (Fig. 2) . In the case of the 6GalGal complex, a molecule of polyethylene glycol 400 from the cryoprotectant solution is observed bound at the active site (Fig. 2C ). The complexes with the trisaccharides 4GalLac and 6GalLac showed clear electron density at the active center, but the ligands were apparently displaced from the À1 subsite, possibly due to some competition with the polyethylene glycol 3350 used as precipitant, which is visible in the complex with 6GalLac (Fig. 3B) . However, we consider these two complexes because its binding mode maintains most of the contacts in subsite À1 observed in the disaccharide complexes, and therefore could reveal important information of the interactions of larger substrates with residues from the catalytic pocket, and may define potential binding subsites.
In the complexes with the disaccharides (Fig. 2) , the nonreducing end of the sugars is placed at the galactose-binding pocket, defined as subsite À1, in a conserved way to that described previously in other complexes of the family [10- 13, 21] . Thus, the catalytic residues, Glu200 and Gln298 (Glu298 in the active native enzyme), fix galactose by making hydrogen bonds to its O2. Moreover, several other interactions stabilize galactose in a tight conformation, some residues from loop L3 being mostly involved through both, main and side-chain atoms, by making hydrogen bonds with O3 (Ile139-O, Ala141-N), O4 (Glu142-OE2), and O6 (Glu142-OE2). Other residues as Asn199-ND2, Tyr96-OH, and Tyr364-OH contribute to stabilize the galactose moiety by making hydrogen bonds with O2, O3, and O6, respectively.
Subsite +1 is mainly defined by hydrophobic interaction to Trp806 from loop LP but, interestingly, there are some differences in the binding mode of each substrate depending on the nature of the sugar unit attached to galactose and the b-linkage type. Thus, glucose in allolactose makes only one hydrogen bond to Ala237 main chain (O1. . .O) ( Fig. 2A) , while that in 3GalGlu is stabilized through its O4 by a bifurcated hydrogen bond to Glu200 (O4. . .OE2) and to a water molecule that, in turn, is linked to Ala237 main chain (Fig. 2B) . On the other hand, the second galactose in 6GalGal seems more tightly bound through hydrogen bonds to Tyr260 (O2. . .N) and Ala237 (O3. . .O and O4. . .O) main chains, and to Glu200 (O4. . .OE2) and a water molecule, which is linked to Asp258 (O) (Fig. 2C) . Moreover, the structural superposition of the complexes onto the native coordinates shows some changes in the position of Tyr304 and Phe264 side chains depending on the molecule bound at the active center (Fig. 4A) . Therefore, these two residues, together with Trp806, make a hydrophobic platform that seems able to adapt to the different sugar rings.
In summary, 6GalGlu, 3GalGlu, and 6GalGal are placed in a similar way in the active site of AnbGal. However, while galactose at subsite À1 is stabilized by essentially the same interactions, there are some differences in the recognition pattern of the second ring of each ligand. Thus, all of them are accommodated by some polar interaction to loop L5, particularly with Ala237, but L6 is also involved in the 6GalGal complex binding, through residues Asp258 and Tyr260. Furthermore, residues Phe264 (loop L6), Tyr304 (loop L7), and Trp806 (loop LP) make a dynamic hydrophobic platform that stabilizes and accommodate the sugars at subsite +1.
As said before, the galactose bound at subsite À1 in the trisaccharide complexes is displaced from the canonical position observed in the other complexes. However, the galactose ring makes essentially the same interactions with residues of the active site, although A B C in some cases through water molecules. The long chains of the residues involved in these contacts are flexible and, therefore, seem able to properly place galactose by only a slight movement making a productive complex (Fig. 3) . In the complexes reported here, the second galactose of 4GalLac and 6GalLac interacts weakly in subsite +1, and only one hydrogen bond is observed between its O6 and Tyr304 side chain in the 4GalLac complex (Fig. 3A) .
The most interesting feature of these trisaccharide complexes is that their terminal glucose suggests two potential different +2 subsites. In the 4GalLac complex, glucose is stabilized by stacking with Trp806 side chain, in a position similar to the polyethylene glycol molecule found in the 6GalGal complex. In contrast, 6GalLac is oriented toward loop L6, its terminal glucose (O1) being stabilized by hydrogen bonds to Asp276 from loop L6 (Fig. 3) . Consequently, the two trisaccharides display a different orientation that is possibly related to the AnbGal ability to accept a variety of substrates (Fig. 4B) . Likewise, the changes observed in residues Tyr304 and Phe264 at both trisaccharide complexes support their key role in recognizing the oligosaccharides, as proposed before for the disaccharides.
Mutation analysis of key aromatic residues within the active site As said above, Trp806 seems crucial to accommodate the substrates in a precise orientation, while Phe264 and Tyr304 define a flexible hydrophobic patch that adjusts to the different substrate types upon binding. Phe264 and Trp806 are conserved among the bgalactosidases from yeast and fungus, while Tyr304 is unique to AnbGal, the other members having a Phe at this position. Thus, to confirm the important role of these residues on the catalytic function, a mutagenesis analysis of Tyr304 and Trp806 was performed.
As deduced from Table 2 , the mutant Y304A loses more than 96% of the hydrolysis activity (Kcat/Km) against lactose, and this is mainly caused by a dramatic decline of the substrate affinity, as is shown by the elevated Km value of this mutant. The removal of the Tyr304 side chain may affect the correct orientation of the adjacent Phe264, leading to a distortion deleterious to proper substrate binding. This effect is not produced by the mutation Y304F that, on the contrary, increases more than 33% the hydrolytic levels of WT, mainly through an increased Kcat. Therefore, the Tyr to Phe change probably enhances the formation of intermediate states along the mechanism pathway. On the other hand, the mutant W806S presents more than 90% loss of activity against lactose, while the more conservative mutation W806F still loses 43% of WT hydrolytic levels through a higher binding affinity but a significant decreased catalytic efficiency. Thus, although lactose may have a stronger stacking interaction with Phe, the hydrolysis might be less efficient by incorrect substrate binding orientation.
Consequently, the suppression of the hydrophobic interactions at subsite +1 is accompanied by a dramatic decay of the hydrolytic activity of the enzyme. However, the nature of the aromatic residue at Trp806 position seems more crucial to maintain activity, supporting the critical role of this residue in the proper orientation of the substrate.
Mutation analysis of residues involved in transgalactosylation activity
Most fungal GH35 b-galactosidases are mainly used for the production of GOS in commercial applications, while AnbGal is known for its high hydrolytic activity. Comparison of the AnbGal active site to other GH35 b-galactosidases could give insights into the mechanisms that control the level of hydrolytic or transglycosylation activity of GH35 b-galactosidases.
An inspection to the solved structures of the family shows that most of the residues nearest to the catalytic Glu200 and Glu298 (Tyr96, Glu142, Asn199, Tyr364, and Trp806; see Figs 2 and 3) are well conserved in all eukaryotic GH35 enzymes. In addition, other residues as Ala237, Asp258, and Tyr260, all of them involved in making subsite +1 in the complexes here reported, are shared with other fungal GH35 b-galactosidases and, consequently, their role can be extrapolated to the other enzymes. However, there are a few residues unique to AnbGal, one of them being Tyr304 mentioned above. As explained before, this residue is shaping subsite +1, and is in close contact with Phe264. This not only suggests its potential role in the preference of AnbGal for hydrolysis but also in the putative change in the donor substrate preference with respect to the other fungal GH35 b-galactosidases.
Moreover, the residues Tyr355 and Asn357 of AnbGal (Fig. 4) are His and Gly in all the other fungal enzymes. Although these residues, located in loop b8-a8 (L8) are apparently distant from the catalytic pocket, they are shaping the wall of the channel giving access to the active site. In fact, together with Tyr304, they are contributing to accommodate the polyethylene glycol molecule found in the crystals and, consequently, they may play a direct role in substrate recognition. In relation to this, it is interesting to note that a superimposition of the complexes with different ligands shows changes also in the Asn357 side chain (Fig. 4A) .
To determine the role of these residues in the hydrolysis/transglycosylation (H/T) ratio of AnbGal, we generated several mutant enzyme variants, by mimicking the residue composition of the other fungal GH35 b-galactosidases. For this purpose, and in addition to the active mutants described in the previous section (Y304F and W806F), a triple mutant Y304F/ Y355H/N357G was obtained. Afterwards, GOS synthesis experiments were performed, including purified commercial AobGal to investigate if the selected residues are responsible for the different catalytic features observed among all enzyme variants.
Analysis of maximum GOS yields (gram of total triand tetra-GOS obtained during the synthesis per gram of initial lactose, in percentage) shows significant differences between WT and all the mutant enzymes tested (Fig. 5) . Thus, Y304F mutant reaches a maximum GOS yield of 20% (w/w), which is an improvement of 25% as compared to the maximum GOS yield of WT AnbGal. Also, mutant W806F and the triple mutant Y304F/Y355H/N357G show a maximum GOS yield of 23 and 22%, respectively (w/w). These values are 44% and 42% higher than the maximum GOS produced by the WT enzyme.
To check if the improvements in GOS yields given by W806F variant and the triple mutant could be additive, a quadruple mutant Y304F/Y355H/N357G/W806F was obtained. The results show a great improve in maximum GOS yield, reaching values of more than 27% (w/w), which is 75% higher than the production observed in WT AnbGal. In fact, the quadruple mutant shows a higher level of GOS production than AobGal (11% improvement between both maximum GOS yield averages), an enzyme commonly used by industry because of its high transgalactosylation activity. In summary, the results showed an improvement of GOS synthesis levels in all the mutant variants tested, which therefore support the major role of the selected residues in catalytic properties of AnbGal.
We also performed kinetic measures of the different variants to identify in which way the diverse substitutions affect the hydrolytic activity. In most cases, an improvement in the GOS production involves a reduction in the hydrolytic activity of the enzyme (Table 2) . Thus, as it happened with the W806F mutant, which loses 43% of hydrolytic efficiency (Kcat/Km) in comparison with WT AnbGal, the mutants Y304F/Y355H/N357G and Y304F/Y355H/ N357G/W806F lose 5% and 58%, respectively of the hydrolytic activity measured in WT AnbGal. The slight reduction in the triple mutant is likely due to the change Y304F that resulted in an important gain of hydrolytic levels, as we mentioned above, and this may counteract the loss of activity caused by the other two substitutions (Y355H and N357G).
Discussion
Saprobic fungi like A. niger need to produce a large number of enzymes in order to break down plant biomass. One of these enzymes is AnbGal, which acts in conjunction with other carbohydrate-active enzymes to hydrolyze the intricate polysaccharide structures of plant cell wall [22, 23] .
In this study, we described the structure of AnbGal and its complexes with some natural substrates. The native structure shares similar features with other GH35 b-galactosidases [10-13], arranging its polypeptide chain into six domains with a horseshoe disposition. A comparison between AnbGal and its complexes with the disaccharides 6GalGlu, 6GalGal, and 3GalGlu and the trisaccharides 4GalLac and 6GalLac reveals the residues involved in each substrate-type recognition and supports the important role of three aromatic residues, Phe264, Tyr304, and Trp806. The differences in orientation of Phe264 and Tyr304 among complexes show a dynamic mechanism that allocates the +1 sugar depending on the structure of the ligand. This dynamic mechanism that involves residues Tyr304 and Phe264, combined with hydrophobic contacts to Trp806, could explain the plasticity against different hydrolytic substrates and transgalactosylation products of GH35 fungal b-galactosidases, which can cleave or make b(1-3), b (1-4), and b(1-6) galactosyl bonds. Although some conformational changes had been observed in the reported complex of TrbGal with artificial analogs like IPTG or PETG [11] , this is the first time that they are observed with natural substrates, which confirms the important role of these aromatic amino acids in the catalytic performance of the enzyme. However, our complexes do not show the switch at residues Trp806 and Glu200 upon ligand binding, described in the TrbGal complexes. Therefore, the changes in Trp806 and Glu200 orientation might be an artifact due to the IPTG and PETG binding, as the authors suggested in their work. To confirm the implications of the residues making this Data are presented as means with error bars indicating standard deviation from triplicate measurements (n = 3). GOS yield at: 3 h (blue bars), 6 h (red bars), 24 h (green bars). Maximum GOS yield (purple bars). Asterisks indicate significant differences compared to wild-type data (*P < 0.05 and *P < 0.01). Student's test was used to determine the significance.
hydrophobic platform in catalytic activity, mutagenesis analysis were performed. Kinetic studies of AnbGal variants with mutations in positions Tyr304 and Trp806 support the importance of the hydrophobic contacts made by these amino acids with the substrate in the proper hydrolytic function of the enzyme.
An interesting finding in the soaking experiments of AnbGal with the trisaccharides 4GalLac and 6GalLac shows that the sugar chains might be oriented in the active site in two different ways depending on the structural features of the oligosaccharide. In nature, AnbGal acts cooperatively with other A. niger enzymes to hydrolyze components of plant material. These components, like hemicelluloses or pectin, are very complex in composition and their hydrolysis generates a mix of polysaccharides that can be partially ramified. It has been reported that b-galactosidase activity is required for degradation of complex polysaccharides containing terminal galactose units, like galactoglucomannan, xylan, xyloglucan, and arabinogalactan type I, by A. niger [22] . In this context, the broad cavity housing the AnbGal active site, which may allocate the trisaccharides in two different orientations, exhibits visible grooves at its molecular surface that might also permits the anchoring and hydrolysis of these branched substrates (see Fig. 4B ). Therefore, the peculiar shape of AnbGal active site can confer the enzyme an advantage for the efficient processing of the complex net of polysaccharides composing the plant material.
Aside from the hydrolytic biological function of AnbGal in degrading cellular walls components, its ability to catalyze transgalactosylation makes it interesting for being used in the synthesis of prebiotics like GOS in industrial applications. We generated improved mutant variants after selecting potential key residues by the structural comparison of AnbGal to other GH35 fungal b-galactosidases with different catalytic features. The reduced hydrolysis observed in variants with more transgalactosylation ability is a common consequence of the change in acceptor preference that modifies the hydrolysis/transglycosylation (H/T) ratio [24] [25] [26] [27] . Several features have been described in retaining glycoside hydrolases that could modulate the acceptor preference of the enzyme. In turn, this acceptor preference will determine a preferred hydrolytic activity (water as acceptor) vs. a significant transglycosylation activity (sugar moieties as acceptors) [28] . For instance, in some glycoside hydrolases like neopullulanases, endo-b-N-acetylglucosaminidases, or maltogenic amylases, the creation of a more hydrophobic environment by mutagenesis promotes the binding of sugar moiety and disturbs the access to the incoming water molecule thus modifying the hydrolysis/transglycosylation ratio [29, 30] .
Interestingly, the analysis of the catalytic pocket always results in the presence of more hydrophilic residues in AnbGal, as compared to the other fungal GH35 b-galactosidases. Thus, mutants obtained from AnbGal mimic the hydrophobic environment found in other fungal b-galactosidases of the family, resulting in a higher tendency of sugars vs. water to be acceptors and, consequently, in an increased transgalactosylation ability. Furthermore, the additional substitution of Trp806 to Phe, a more hydrophobic amino acid, also results in an increase of the transgalactosylation activity of the enzyme, supporting this hypothesis.
The results give insight into the features that define the nature of the enzymatic activity in b-galactosidases of GH35 family. Moreover, the ability of getting mutants with different levels of hydrolytic or transgalactosylation activity offers new valuable options for the biotechnological industry, depending on the application goals. Furthermore, the similarities among active sites of GH35 fungal b-galactosidases, open the door to the improvement of other enzymes by analogous modifications.
Materials and methods
Cloning, expression, and purification LACA gene encoding a b-galactosidase from A. niger (AnbGal) was amplified from the pVK1.1 plasmid and cloned into the YEpFLAG vector by homologous recombination in the yeast strain BJ3505 (pep4::HIS3, prb-D1.6R HIS3, lys2-208, trp1-D101, ura 3-52, gal2, can1; Eastman Kodak Company, Rochester, NY, USA). N-terminal FLAG peptide tag of the plasmid was substituted by a 6xHis TAG sequence. The signal peptide of the protein (30 first nucleotides of the gene) was not cloned.
Wild-type AnbGal and its mutants were expressed in BJ3505 Saccharomyces cerevisiae strain (Kodak). Enzymes were purified with HisTrap HP columns of 5 mL (GE Healthcare, Little Chalfont, UK), on a protein liquid chromatography system ( € AKTA FPLC; GE Healthcare), as described previously [20] .
In order to perform the crystallization experiments, native AnbGal and inactive mutant AnbGal-E298Q samples were deglycosylated with endoglycosidase H (Endo H; New England Biolabs, Ipswich, MA, USA) and an additional step of purification using a gel filtration column (HiLoad 16/60 Superdex 200 prep-grade column; GE Healthcare) was performed. Protein samples were subsequently concentrated using a 30 kDa cut-off membrane.
Mutagenesis
AnbGal mutant variants E298Q, Y304F, Y304A, W806F, W806S, Y304F/Y355H/N357G, and Y304F/Y355H/ N357G/W806F were obtained by PCR, using commercial kit QuikChange Lightning (Stratagene, San Diego, CA, USA). Oligonucleotide design and mutagenic procedures were performed following the manufacturers' recommendations.
Purifications of mutant AnbGal variants were performed in the same way as wild-type AnbGal (see above) but samples not used in crystallization experiments (all mutant variants except E298Q) were not deglycosylated.
Crystallization and data collection
Crystallization of AnbGal and mutant AnbGal-E298Q (both 1.5 mgÁmL À1 in 150 mM NaCl, 50 mM Tris/HCl pH 7.5) was performed on Cryschem (Hampton Research, Aliso Viejo, CA, USA) sitting drop plates as described previously [20] . Rod-shaped crystals grew from both samples in 21-28% (w/v) polyethylene glycol 3350, 200 mM Li 2 SO 4 , and 100 mM Bis-Tris pH 5.5-6.0. For data collection, native crystals were transferred to cryoprotectant solutions consisting of mother liquor plus 20% (v/v) glycerol before being cooled in liquid nitrogen.
Complexes with the natural substrates allolactose, 3-galactosyl-glucose, 6-galactosyl-galactose, 4-galactosyllactose, and 6-galactosyl-lactose (Carbosynth, Compton, UK) were obtained from the inactivated mutant by the soaking method [31] . To minimize crystal manipulation, drop solution was substituted with a stabilizing solution (24-30% polyethylene glycol 3350, 100 mM Bis-Tris pH 6, 200 mM Li 2 SO 4 ) containing the substrate at 30 mM concentration and incubated for several days. Then, crystals were soaked in cryoprotectant solution before being frozen in liquid nitrogen. At first, crystals were soaked in stabilizing solution plus 20% (w/v) glycerol but only a molecule of the cryoprotectant was found at the active site pocket and, therefore, other compounds were tried. Final cryoprotectant solutions used with crystals from each complex are summarized in Table 1 .
Diffraction data were collected using synchrotron radiation at the XALOC beamline at ALBA (Cerdanyola del Vall es, Spain). Diffraction images from native enzyme were processed with iMosfilm [32] , while those from the complexes were processed using XDS [33] . All of them were merged using AIMLESS from the CCP4 package [34] . A summary of data collection and data reduction statistics for all the crystals is shown in Table 1 .
Structure solution and refinement
The structure of AnbGal was solved by molecular replacement using the MOLREP program [35] . The best model was the b-galactosidase from A. oryzae (PDB code 4IUG), having 71% identity (81% similarity), from which a template was prepared using the program Chainsaw [36] and a protein sequence alignment of AnbGal onto the template. A solution containing one molecule in the asymmetric unit was found using reflections up to 2.5
A resolution range and a Patterson radius of 40 A, which after rigid body fitting led to an R-factor of 49%. Crystallographic refinement was performed using the program REFMAC [37] within the CCP4 suite with flat bulk-solvent correction, maximum likelihood target features. Free R-factor was calculated using a subset of 5% randomly selected structure-factor amplitudes that were excluded from automated refinement. Extensive model building using the program COOT [38] was combined with several rounds of refinement leading to a model showing a continuous density for the whole polypeptide chain. At the later stages, carbohydrates and water molecules were included in the model, combined with more rounds of restrained refinement that led to a final Rfactor of 15.02 (Rfree 17.14) for all data set up to 1.71 A resolution. Refinement parameters are reported in Table 1 . The structure of E298Q mutant complexed with 6GalGal, showing a different space group, was solved by molecular replacement using MOLREP and the coordinates of native AnbGal as the search model. A first cycle of refinement was performed using REFMAC, combined with model building with COOT. The structures of other AnbGal-E298Q complexes were solved by different Fourier synthesis using the refined coordinates of the native or mutant form, depending of their space group. Then, coordinates for the ligands were taken from the Protein Data Bank or constructed with GLYCAM server, and manually built into the electron density maps and refined similarly to that described above, to reach the R-factors listed in Table 1 . Stereochemistry of the models was checked with PRO-CHECK [39] and the figures were generated with PyMOL [40] . Root-mean-square deviation analysis was made using the program SUPERPOSE within the CCP4 package [34] .
Kinetics
Kinetic characterizations of AnbGal and their mutants were performed by measuring the glucose produced by the enzyme at different lactose concentrations. Purified samples were diluted on citrate-phosphate buffer pH 3.5. Initial velocity was measured in triplicate with 2-40 lgÁmL À1 of enzyme, depending of the characteristics of the AnbGal variant tested, and using 10, 20, 40, 80, and 160 mM lactose. The reaction time was 3-6 min and the reaction temperature was 40°C. The reaction was stopped by heating samples at 96°C during 5 min. Glucose concentration was measured using the commercial kit D-Glucose GOD-POD (Nzytech, Lisbon, Portugal), following the manufacturers' recommendations. Nonlinear fitting using least squares was performed to infer the apparent enzymatic kinetic parameters from Michaelis-Menten plots using PRISM 6 (GraphPad Software Inc., La Jolla, CA, USA). Kcat values were calculated assuming a protein molecular mass of 109 kDa.
Galacto-oligosaccharides (GOS) measurement
Galacto-oligosaccharides and lactose concentrations were determined by HPLC (HPLC Waters Breeze I), using a Waters Sugar-Pak column eluted at 90°C with Milli-Q water at a flow rate of 0.5 mLÁmL
À1
, and a refractive index detector (Waters 2414).
Reactions were performed by mixing 2 enzyme units (1 U = amount of enzyme capable of liberating 1 mmol of glucose per min under experiment conditions) of pure protein in 0.1 M citrate-phosphate buffer pH 3.5 supplemented with 40% lactose. Seven hundred and fifty microliters of sample were incubated at 40°C and at 250 revÁmin À1 .
Samples were taken at different times: 0, 3, 6, 16, 24, 31, and 48 h. Quantification of carbohydrates was performed by external calibration using standard solutions of galactose, glucose, lactose, raffinose, and stachyose. Integration and quantification of data were performed with BREEZE II Software (Waters, Cerdanyola del Valle´s, BCN, Spain). Statistical significant differences (P > 0.05 and P > 0.01) of GOS yield between wild-type AnbGal and the mutants were tested by using a two-tailed Student's test. Statistical analysis and figures were generated using Microsoft Office Excel 2007.
